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 Nd-Fe-B samples with comparable
magnetic properties to the state-of-
the-art were manufactured using
laser powder bed fusion (L-PBF).
 An investigation into the process-str
ucture–property relationships in L-
PBF of the Nd-Fe-B magnets is
presented.
 The L-PBF Nd-Fe-B is nanocrystalline
consisting of melt pools with cores,
boundaries and heat-affected zone
(HAZ).
 The printed samples suffered from
micro-cracking attributed to residual
stress. Two kinds of cracks were
observed: (i) at the interfaces of the
main phase and the precipitated
phase and (ii) in the HAZ near the
melt pool boundaries .g r a p h i c a l a b s t r a c ta r t i c l e i n f o
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Functional materialsa b s t r a c t
Laser powder-bed fusion (L-PBF), as an additive manufacturing (AM) technique, has demonstrated excel-
lent capabilities in achieving degrees of freedom in manufacturing that are otherwise unattainable. The
potential of combining Nd-Fe-B as a permanent magnet and the manufacturing capabilities of L-PBF pro-
mises new prospects for functional AM in applications such as electric machines. In this study, high den-
sity L-PBF Nd-Fe-B samples (91%) with remanence of 0.65 T and maximum energy product of 62 kJ/m3
were successfully produced, comparable to the state-of-the-art in this field. A parametric study correlat-
ing the integrity of the parts to the process parameters, such as, the scan speed and hatch distance is pre-
sented. From a metallurgy perspective, the microstructure of the additively manufactured samples was
different from the conventionally-sintered material. Interestingly, similarities to the microstructures of
laser spot welded material were observed. The fabricated magnets mainly consisted of Nd2Fe14B with
small fractions of precipitated phases and suffered from the presence of cracks at input energies sufficient
for powder fusion. The relative density and integrity was constrained by the intrinsic brittle nature of the
intermetallic Nd2Fe14B phase, the high energy input required to melt some phases, as well as the rapid
heating and cooling rates experienced during processing.
 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Traditionally, Nd-Fe-B magnets are manufactured using con-
ventional sintering methods. They are widely used for their out-
standing magnetic performance, specifically in terms of their
large magnetic energy product and magnetic stability [1]. Nd-Fe-
B magnets play a vital role in electrical devices for energy produc-
tion and conversion [1,2] and have attracted significant interest for
the future development of more efficient and lighter motors for
robots, electric vehicles, and aerospace applications [3,4]. They
are commonly used in our daily lives, not only in small devices,
such as cameras, microphones, headphones, and sensors, but also
in electric motors, medical devices, transportation facilities, and
renewable energy systems, among others.
Conventional sintering methods to manufacture anisotropic
Nd-Fe-B magnets constitute melting, milling, moulding, pre-
alignment in the magnetic field, and sintering. Sintering Nd-Fe-B
usually starts from powders with a relatively high component of
the rare-earth element (~14–15%) [2,5,6]. The high rare-earth ele-
ment component, having lower crystallization temperature, subse-
quently provides a liquid boundary environment around the
Nd2Fe14B grains during crystallization, limiting oxidation and the
precipitation of the a-Fe phase [2]. Even with a high component
of the rare-earth element in the powders, microstructure manipu-
lation by controlling the sintering conditions (e.g. temperature) is
not straightforward [7–9]; as a result, the sintered magnets usually
contain 89.4% of the Nd2Fe14B phase. Magnets produced by Spark
Plasma Sintering (SPS) possess nearly full magnetic density but
shape flexibility and complexity are limited [10]. Sintered and
SPS magnets usually require post-machining to create their final
shapes; these include: cylindrical, rectangular, and arc bars, which
are typical shapes for permanent magnet components.
Nd-Fe-B type magnets rely on the Nd2Fe14B compound as the
main phase to provide the magnetic property. However, this inter-
metallic compound is intrinsically hard and brittle [11], and it is
therefore difficult and expensive to machine the fully dense mag-
nets at room temperature [2]. The magnetic properties may also
be compromised due to damage caused by mechanical machining
[12]. Bonded Nd-Fe-B permanent magnets are manufactured via
calendaring, compression bonding, extrusion, and injection mould-
ing [13,14]. Compared to the sintered magnets, these have better
corrosion resistance and ductility [13]. However, the overall mag-
netic density is typically reduced to 60–80% due to the presence
of a polymeric binder. Bonded magnets are isotropic and their
magnetic properties are therefore lower than the anisotropic mag-
nets. The remanence (Br) of isotropic Nd-Fe-B magnets is generally
half that of anisotropic magnets, according to the Stoner-
Wohlfrarth model [15,16]. The poor thermal and mechanical prop-
erties of the binder can also limit the performance of the magnet in
operation [17]. The remanence (Br) of bonded magnets can also be
reduced because of voids between the binder and the metal pow-
der. In addition, isolated magnetic particles will magnetically shear
against each other within the polymer matrix, resulting in internal
magnetic shear loss, further lowering the remanence (Br) [2,17].
Additive manufacturing (AM) methods are attracting interest
for their capabilities to produce net-shape parts, eliminating or
minimizing the need for post-process machining. Compared to
subtractive manufacturing methods, AM of Nd-Fe-B also enables
the reduction of waste of a rare earth element due to the potential
to re-use unfused material within subsequent builds. Isotropic
bonded Nd-Fe-B magnets with complex geometries have been pro-
cessed via extrusion-based AM [18–20]. The properties of these
magnets were comparable to those of their conventional counter-
parts. Direct Metal Deposition (DMD) was first trialled to directly
fabricate Nd-Fe-B parts from loose powder [21]. In theory, DMD
could perform better, both for temperature resistance and mag-2
netic efficiency, compared to polymer-bonded composites. How-
ever, the reported magnetic properties of the DMD parts fell
short of these expectations due to the formation of disadvanta-
geous phases in the processed material, such as the precipitated
B-rich phase and the a-Fe phase [21]. The coercivity was less than
80 kA/m, which is significantly lower than the 668–748 kA/m
intrinsic coercivity of the feedstock material. Net shape Nd-Fe-B
permanent magnets, with a relative density of 92%, remanence
(Br) of 0.59 T, intrinsic coercivity (Hc) of 692 kA/m and maximum
energy density of 45 kJ/m3, have been realized using Laser Powder
Bed Fusion (L-PBF) [22]. Recently, Bittner el al. [23] fabricated Nd-
Fe-B magnets using L-PBF with remanence (Br) of 0.63 T, intrinsic
coercivity (Hc) of 921 kA/m, and maximum energy density of
63 kJ/m3. Although the authors stated that the parts were not fully
dense, the actual value of relative density was not reported. They
also asserted that further improvements in relative density are
challenging since the maximum energy input for L-PBF is limited
by the fact that this material starts to fail during processing by
delamination with excessive energy densities [24]. In the current
study, a parametric study was conducted to develop the correla-
tion between the process parameters and the defects and crack for-
mation as well as to develop a better understanding of the
microstructure and the magnetism of L-PBF Nd-Fe-B magnets.
2. Materials and methods
Gas atomised and pre alloyed Nd-Fe-B based powders (com-
mercially known as MQP-S-11–9-20001, and referred to as MQP-
S hereafter) were purchased from Magnequench (Tübingen, Ger-
many), with a declared chemical composition of Nd7.5Pr0.7Zr2.6-
Ti2.5Co2.5Fe75B8.8 [25]. A Mastersizer 3000 (Malvern, Surrey,
United Kingdom) was used to determine the particle size distribu-
tion. The morphology of cross-sectioned and polished particles was
evaluated using a JSM-7100F (JEOL, Tokyo, Japan) scanning elec-
tron microscope (SEM) under a voltage of 20 kV, equipped with
an energy dispersive X-ray detector (EDX) that was used for chem-
ical composition analysis. The flow-ability was assessed using a
hall flowmeter funnel following the ASTM standard B213-17 [26].
A Renishaw AM125 system (Renishaw, Charfield, United King-
dom), equipped with an yttrium fibre laser with a maximum
power of 200 W and a spot size of 40 mm operating in a pulsed
mode, was employed to fabricate the Nd-Fe-B specimens. The sam-
ples were built under argon atmosphere, on a mild steel build-
plate, maintained at 190 C (the highest temperature achievable
on the system) during processing to reduce the thermal gradient
during solidification to minimize the residual stresses and warp-
ing. Before L-PBF processing, the feedstock powder was sieved
and only particles under 75 mm were collected for use; these were
then dried for 1 h at 65C to remove moisture from the surface to (1)
avoid the negative influence of humidity on flowability [27] and (2)
minimise the chance of hydrogen porosity formation [28]. The
powder was stored in sealed bottles before use and the processed
samples were stored in vacuumed bags to avoid oxidation.
To minimise known issues of high residual stresses found at the
sharp corners of parts with L-PBF of this material [29,30], cylindri-
cal samples of 5 mm diameter and 5 mm height were produced for
the parametric study. This parametric study was divided into 2
phases, shown in Fig. 1, where at each phase one parameter was
varied whilst keeping the rest fixed. The slicing software AutoFab
was used to prepare the builds. The meander scan strategy was
chosen with the ‘‘connect off” option between hatches, which
was shown to provide a good compromise between density, mag-
netic properties, and the production speed [31]. A rotation of 67
was applied between layers. Rotating the direction of hatches has
been shown to be better for heat distribution, resulting in a more
uniform microstructure [32].
Fig. 1. Summary of the parameters applied in each phase of the parametric study. The box on the left-hand side shows the fixed process parameters that were trialed with
each of the exposure times listed in phase 1. The outcome of phase one was the best exposure time in terms of densification, which was then trialed with the various hatch
spacing values in phase 2 of the study.
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by the ratio of the weighted mass in air to the measured volume.
The printed samples were cross-sectioned, polished, and imaged
using an Optiphot 100 (Nikon, Tokyo, Japan) optical microscope
to study the microstructure. Higher density samples were also
analysed using X-ray micro-computed tomography (mCT) using a
Xradia 500 Versa X-Ray Microscope (Zeiss, Oberkochen, Germany)
to obtain a volumetric comparison of density [33]. The accelerating
voltage of the X-ray tube source was 159.66 kV. The pixel/step size
(resolution) was 10 mm. The sample was placed 20 mm away from
the X-ray source and 114 mm from the detector. The specimen was
rotated around the z-axis in 451 steps, with an exposure time of
20 s at each orientation.
In order to investigate the ability of L-PBF to manufacture mag-
nets of the size and geometric shape required for electric motors;
cubic, cylindrical, hollo-cylindrical, and ring structures with vari-
ous sizes were processed using the optimized parameter combina-
tion from the abovementioned parametric study. These were laser
power (100 W), point distance (65 mm), exposure time (72 ms),
hatch distance (100 mm), layer thickness (30 mm), and the meander
scan strategy.
The metallurgical and magnetic properties of the sample with
the highest density were studied. Cross-sections parallel and per-
pendicular to the build direction were polished and etched by
immersion in a 2% Nital aqueous solution for 1 min. A D8 Advance
Da Vinci Goniometer (Bruker, Massachusetts, United States) was
used to collect X-ray diffraction patterns from the feedstock pow-
der and as-built samples. The step size was 0.1with an exposure
time of 10 s at each step. A Dr, Steingroever GmbH-Permagraph
test system (Magnik-Physik, Cologne, Germany) was used at room
temperature to measure the magnetic properties of the samples,
with a hysteresis graph collected after full magnetization in an
external 2 T magnetic field.3. Results and discussion
3.1. Powder characterization
Particle size distribution measurements showed that the pow-
der had D10 = 26.4 mm, D50 = 43.3 mm, and D90 = 68.5 mm, which
is in good agreement with the data from the supplier. The mor-3
phology of the particles was mainly spherical with some
irregularly-shaped particles, as shown in Fig. 2. The flowability
was 15 s/50 g, which is acceptable in comparison to other L-PBF
materials [34]. Some inherent internal pores can be seen in Fig. 2
(b), which are formed due to the trapped gas during powder pro-
duction in the atomisation process. These trapped gases can poten-
tially contribute to the formation of gaseous porosity in the final
parts. The spherical morphology with good flowability suggests
the potential to build fully dense net-shape magnets [22,35] using
L-PBF. The EDX maps (Fig. 2 (c)) show that the elements are evenly
distributed within the particles along with the quantitative chem-
ical analysis in Fig. 2 (d). Boron was not quantitatively detected
because of its low weight-percentage. The weight-percentage from
the EDX mapping results is close to the values from the supplier’s
datasheet [25], which contains excessive Fe in composition com-
pared with the desired permanent magnetic phase Nd2Fe14B.3.2. Parametric study
Fig. 3 shows images of samples printed with various exposure
times and a 65 mm point distance (phase 1 in the parametric
study). At short exposure times, the energy density was too low,
resulting in insufficient powder melting and fusion. The relatively
more stable cylindrical samples, with better structural integrity,
were realised with exposure times in the range of 58–72 ms. With
further increased exposure time, the lower part of the specimens
started to crack and delaminate, due to excessive stress, and the
parts became less stable on the build-plate. The maximum achiev-
able relative density was therefore limited by the combination of
high melting point and the brittle nature of the alloy, which is
highly sensitive to cracking induced by tensile residual stresses,
as suggested by Bittner et al [24]. Tensile residual stresses form
due to the shrinkage of the melt pool during rapid cooling from
the melt [36]. The details of this mechanism are discussed in sec-
tion 3.3 of this paper.
Phase 1 in the study narrowed down the exposure time at a
point distance of 65 mm, with a highest relative density value of
91 ± 0.5% at 72 ms exposure time. Phase 2 optimised the hatch dis-
tance. As the hatch distance increased from 90 mm to 120 mm, the
sample integrity changed, as indicated in Fig. 4. It can be seen that
delamination around the circumference of the specimens was a
Fig. 2. SEM image of MQP-S powder showing (a) the particles morphology; (b) internal porosity in the powder; (c) EDX mapping of the chemical elements in the cross-
sectioned powder demonstrating even distribution, and (d) the elemental analysis in comparison to the supplier’s datasheet.
Fig. 3. Samples printed with point distance of 65 mm and varying exposure time (It was not possible to measure the density of the high exposure time samples due to the
severe fragmentation.)
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tion of 100 W laser power, 65 mm point distance, 72 ms exposure
time, and 100 mm hatch distance returned the highest relative den-
sity of 91 ± 0.5%.
The top surface of the sample that returned the highest relative
density, as viewed by SEM, is shown in (a). Powder particles that
have not fully melted can be clearly observed within the voids,
indicating that pores formed due to lack of fusion [34,37]. Micro-
cracks can be seen running across the hatches (i.e. perpendicular4
to the scan vector) in the re-solidified areas. mCT scans (in Fig. 5
(b)), also showed micro-cracks and lack-of-fusion pores. The mate-
rial’s innate brittleness [2,11] and low thermal conductivity [38]
coupled with residual stresses formed during laser processing
results in the produced parts being prone to crack formation.
Cracks and delamination can then be attributed to the high tran-
sient residual stresses due to the high thermal gradients encoun-
tered during processing [36,39]. This is discussed further in the
following sections.
Fig. 4. Samples fabricated using a range of hatch distances showing the correlation with the structural integrity and the relative density. Delamination around the
circumference of the specimens was minimized by larger hatch distance but at the expense of the relative density.
Fig. 5. (a) SEM image of the top surface of the highest density as-built sample (produced with the optimized parameter combination) showing micro-cracks across the
overlapping scan tracks, some satellites sticking to the surface can also be seen. (b) a representative cross-section of a 10 mm diameter cylindrical sample acquired using mCT
revealing the micro-cracks and pores.
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Samples with various geometric shapes were produced using
the determined optimised parameter combinations to investigate
the geometrical capabilities of the L-PBF manufacture of Nd-Fe-B
magnets. It was found that parts with diameters or widths of
10 mm or larger were easier to print without delamination than
those with 5 mm dimensions, as shown in the images in Fig. 6
(a) and (e). Within the same 10 mm size range, it was possible to
manufacture samples with various shapes, such as, cubes, columns,
rings and cylinders, as can be seen in Fig. 6 (a-d). Cubic samples
had more defects than cylindrical samples, such as the cracking
and delamination shown in Fig. 6 (d) and (f).
Many studies have discussed the thermal stresses that arise
during the L-PBF process [40–42]. The properties of the processed
material and the process parameters influence the thermal stres-
ses, both transient and residual, that develop in the part. Compared
to alloys typically used in L-PBF, the thermal conductivity of Nd-
Fe-B powder is relatively low (Table 1). This low thermal conduc-
tivity results in high thermal gradients during cooling, which gen-
erate higher residual stresses in the material. When the residual
stress reaches the yield strength of the material, it cracks [30,43].
Furthermore, the fracture toughness of Nd-Fe-B is far lower than
other materials commonly used in L-PBF (Table 1) [38,44–47].
Hence, cracks can easily propagate in the Nd-Fe-B material, making
it poorly resistant to cracking under the thermal stresses that
easily develop during L-PBF processing
The temperature gradient mechanism (TGM) is applicable to L-
PBF according to the study published by Kruth et al. [41] on an5
iron-based material. The successive and repetitive thermal cycles
that every layer experiences in L-PBF leads to a steep thermal gra-
dient due to slow heat conduction to the previously solidified
material. As a layer melts by laser irradiation, it expands and dur-
ing solidification this expansion transforms into compressive
strains. When the stresses in the material reach the yield point,
the top layer will therefore be plastically compressed. Due to the
restraining effect of the surrounding material, i.e. the previously
solidified material, compressive stresses form. The regions that
are not mechanically-restrained, however, expand and warp or
bend. During cooling, the plastic compressive strain is smaller than
in the layers below due to the shrinkage in the melt pool. In this
way, the generated stress attempts to cause a bending angle
towards the laser beam.
Based on the TGM, different process temperatures can be
induced by time-varying process parameters, depending on the
part geometry and the scan strategy. The scan vector length is
shorter if the scanned area is smaller. The adjacent tracks will be
scanned quickly, one after the other and the shortened cooling
time results in a higher temperature being maintained. With
TGM, a lower temperature results in lower residual stresses [41].
In contrast, in larger parts, the adjacent tracks have longer time
to cool down and the temperature of the scanned area is lower.
The boundary of the small part experiences higher temperatures
and higher tensile stresses, resulting in larger cracks. Samples with
larger volumes can distribute and transfer the energy more effi-
ciently from the melt pool to the substrate plate than the smaller
ones. As a result, the residual stresses in the re-solidified sample
with smaller dimensions are higher and the sample will locally
Table 1
Comparison of the physical properties of Nd-Fe-B and a range of metal materials commonly used in LPBF.
Material Thermal conductivity (W/mK) Fracture toughness (MPa/m0.5) Ref.
Nd-Fe-B (MQP-S powder) 7 – *Data from the supplier
Sintered Nd-Fe-B type materials 6.4–15.1 1.2–3.8 [38]
Ti6-Al4-V 6.7 100 [44]
Stainless steel 316 13–17 112–278 [45]
Aluminium 237 – [47]
Aluminium alloy (A03560, A03080, A02400, etc.) – 20–35 [46]
* The thermal conductivity of powder MQP-S was provided by the powder supplier.
Fig. 6. Samples with various geometric shapes printed with the optimized parameter combination by L-PBF using the meander scan strategy for a) a cylindrical sample with a
diameter of 10 mm ; b) a hollow cylindrical sample with an outer diameter of 13 mm and an inner diameter of 4 mm; c) a ring-shape sample with an outer diameter of 14 mm
and an inner diameter of 6 mm; d) a cubic sample with a width of 10 mm; e) a cylindrical sample with a diameter of 5 mm; f) a cubic sample with a width of 5 mm.
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rial, as demonstrated in Fig. 6.
In the study by Mercelis and Kruth [39], tensile stresses were
found in a large area of the upper zone of the part and the highest
stresses were located at the top of the part. Compressive stresses
formed at the bottom of the part. In the current study, considering
the high compressive strength (780 N/mm2) and the weak tensile
strength (8 N/mm2) of Nd-Fe-B [48], the zones which experience
excessive tensile stresses below the irradiated layer will crack
and the cracks propagate with the repeated thermal cycles, result-
ing in delamination and part distortion [41,49]. Parts processed
using insufficient energy densities fragmented due to poor fusion
of the powder particles whilst those using excessive energy densi-
ties suffered cracks, delamination, and part distortions. In addition,
the re-coating blade will potentially cause additional damage
through contact with a deformed part, generating further part dis-
tortion and even failure [48]. Due to the reasons above, the Nd-Fe-
B material with low thermal conductivity and fracture toughness is
easy to crack and sensitive to part geometry.
3.4. Metallurgy of L-PBF Nd-Fe-B magnets
The grain structure of the samples produced using the optimum
set of process parameters for densification within the parameters’
window investigated in this study can be seen in Fig. 7. In agree-
ment with observations made earlier in Section 3.2, cracks were
commonly observed across the melt pools; these were in two
forms highlighted by the yellow dashed-contours and red arrows
in Figs. 7 and 8.6
After etching, the boundaries of the scan tracks/melt pools were
revealed, as presented in Fig. 7. The heat affected zones (HAZ)
between the adjacent tracks along the scan direction and between
layers along the building direction are denoted as the darker
regions. The successive laser irradiation with an overlap in the heat
penetration creates repetitive heat-cool cycles and the formation
of the HAZ via in-situ heat treatment. Detailed views showing the
difference between the HAZ and the core of the melt pools are pre-
sented in Fig. 8.
From the phase diagram of the Nd-Fe-B ternary system [50],
rapid cooling of the material leads to the formation of Nd2Fe14B
as the main phase alongside the precipitated B- and Nd-rich
phases, and the a-Fe. The melt points of the B-rich, a-Fe, and Nd-
rich phases (1081 C, 900 C and 655 C, respectively) are lower
than the Nd2Fe14B phase (1180 C). During cooling, the Nd2Fe14B
phase crystallizes earlier, at higher temperature. The Nd-rich phase
crystallizes later, at lower temperature, at the interface of the Nd2-
Fe14B grains.
Two types of crack were observed: (1) at the interfaces of the
main phase and the precipitated phase in the melt pool core
(Fig. 9) and (2) near the melt pool boundaries (Fig. 8 (a) and (b)).
The solidified microstructure of the L-PBF material (Fig. 8) con-
sisted of ultrafine Nd2Fe14B grains, similar to the microstructure
of the laser spot-welded nuggets of the sintered magnets in the lit-
erature [51–53].
The cracks crossing the melt pools can be attributed to the
residual stresses from dissimilar coefficients of thermal expansion
between the predominant and precipitated phases as well as the
repeated thermal cycles. These cracks are inter-granular with an
Fig. 7. Polished and etched cross-sections of L-PBF Nd-Fe-B magnets produced with the optimized parameter combination (a) perpendicular and (b) parallel to the building
direction.
Fig. 8. SEM images of the etched cross-sections of the L-PBF Nd-Fe-B magnet produced with the optimized parameter combination, perpendicular to a) the laser scanning
direction and b) the build direction showing the boundaries of the melt pools and the micro-cracks induced by residual tensile stress at the boundaries of the melt pools; c)
microstructure of the melt pool and the HAZ, which was more sensitive to etching due to the micro-cracks induced by thermal stress and phase transition stress.
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of liquation cracks [54]. The regions in proximity to the cracks
showed relatively high Nd concentration (Fig. 9), indicating phase
precipitation during solidification. Excessive stresses, i.e. higher
than the cohesive strength of the two phases, lead to the formation
of localised cracks. Consequently, heterogeneous regions can act as
initiation sites for further crack propagation along the grain bound-
aries. It is likely then that the cracks crossing the melt pools initiate
at the interfaces and then propagate through the material.
For the cracks near the boundaries of melt pools, it is suggested
that they can be attributed to residual stresses driven by phase
transformation [55–57]. It has been reported that Nd-Fe-B perma-
nent magnets fractures in a brittle manner along the grain bound-
aries due to poor adhesion between the Nd2Fe14B grains [56]. The
simulation work of Deng showed that the mechanical properties of
some iron alloys can be reduced by phase transformation during
rapid cooling in welding [55]. Nd-rich phase compounds are
mechanically softer than the hard and brittle Nd2Fe14B intermetal-
lic compound [11]. Mechanical properties, such as fracture tough-
ness, can be reduced by quenching from 1097 C due to rapid
cooling through the melting point of the Nd-rich phase and the
poor wetting of the Nd-rich phase around the Nd2Fe14B grains
[56]. According to the above literature, these cracks can be claimed
to be due to residual stresses driven by phase transformation and
aggravated by the brittleness of the rapidly solidified L-PBF Nd-
Fe-B material.
In conclusion, the cracks crossing the melt pools initiated at
regions of localised stress concentrations between the predomi-
nant phase grains and large precipitated grain boundary com-
pounds and then propagated in the repetitive thermal cycles.
The cracks near the melt pool boundaries were due to the repet-
itive thermal history experienced by the material coupled with the
material’s brittle nature. To minimise the cracks, temperature gra-7
dients should be minimised by utilising a higher heating tempera-
ture on the build plate or parameter management for in-situ heat
treatment. Alternatively, the mechanical properties could be
improved by adjusting the composition of the feedstock material.
Higher Nd content in the pre-alloyed powder could provide better
wetting around the Nd2Fe14B grains, improving the fracture tough-
ness along the Nd2Fe14B grains and reducing brittleness.
The XRD patterns of the feedstock powder and the processed
material (Fig. 10) mainly constitute an amorphous phase, the peaks
for Nd2Fe14B, and precipitated phases. The composition of the pre-
cipitated phases is suggested to be a-Fe,NdFe5.5B5.5 (B-rich), Nd2-
FeB3 (Nd-rich), and Nd2Fe17, by matching the XRD peaks. The
main phase Nd2Fe14B did not deteriorate during laser processing.
However, in the L-PBF parts there are amorphous phases, which
were solidified before crystallisation during rapid cooling. Broad
peak patterns were observed from the feedstock powder and the
processed material, indicating very small crystallites and random
crystal orientation, which is similar to that of sintered Nd-Fe-B
magnets without pre-alignment before sintering [58]. By measur-
ing the full-width half maximum (FWHM), the peaks of the pro-
cessed material are wider than the feedstock powder, indicating
that the crystallite size is smaller.3.5. The magnetic properties of L-PBF Nd-Fe-B magnets
The BH curve in the second quadrant of the L-PBF Nd-Fe-B sam-
ples is presented in Fig. 11. The shape of the curve and the area
enclosed by it represents the ability of the magnet to retain the
domain alignment and magnetic state. Coercivity Hc and the intrin-
sic coercivity Hci represent the resistance of the magnet to demag-
netization. The maximum energy product (BH)max shows the
strength of a permanent magnet.
Fig. 9. a) SEM image of the polished L-PBF Nd-Fe-B magnets produced with the optimized parameter combination b) SEM image showing the grains and melt pool boundary
c) SEM images of the melt pool with cracks and d) precipitated phase near a crack; e) EDXmapping results showing the lack of Fe element and f) the Nd element concentration
at the area of the precipitated phase near the cracks.
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for Nd-Fe-B magnets manufactured using a range of techniques are
compared with those measured in this study in Table 2. The intrin-
sic coercivity Hci shows the resistance of a magnet to demagnetiza-
tion, the remanence Br shows the residual induction and the
maximum energy product (BH)max shows the strength of a perma-
nent magnetic material. In sintered magnets, the magnetic proper-
ties of the anisotropic magnets manufactured from pre-
magnetized powder is significantly higher than the isotropic mate-
rials sintered without pre-magnetization. There are generally
higher amounts of the rare earth (RE) elements in the powders
used for sintering. More RE-rich alloys can crystallize during cool-
ing at a lower temperature than Nd2Fe14B grains. RE-rich alloys at
the grain boundaries act as an insulator between the Nd2Fe14B
grains at the grain boundaries, preventing demagnetization of
the material. The lack of RE-rich phase in the L-PBF Nd-Fe-B leads
to lower Hci than isotropic sintered magnets. However, the RE-rich
phase is non-magnetic and reduces the overall magnetic density.
The most suitable composition of the feedstock material for L-
PBF requires further investigation. The feedstock material for L-8
PBF used in this study is a Nd-lean material and the dominant
phase in the processed material was Nd2Fe14B with very small
crystallites, which is similar to the feedstock material, as evidenced
by the XRD results. This might lead to the Br and the (BH)max of the
L-PBF magnet in this study being higher than the isotropic sintered
Nd-Fe-B magnet in the literature [58]. With higher density of the
metallic phase, the magnetic properties of the L-PBF magnets in
this study was higher than the binder bonded Nd-Fe-B [20,59,60].
Conventionally-sintered Nd-Fe-B magnets are usually heat-
treated to adjust the morphology of the Nd-rich phase grain
boundary to enhance the magnetic properties. The magnetic
domains of the main phase Nd2Fe14B grains are harder to reverse
if isolated by thin and continuous Nd-rich phase at the grain
boundaries. The results presented in this study have shown how
the phases that form in the material when processed by L-PBF
are different from their conventional counterpart. The low Nd ele-
ment concentration in the feedstock material has led to a lack of
the Nd-rich phase in the grain boundary of the matrix phase and
the propensity of the as-built material to be able to respond to
heat-treatment is questionable, though remains unknown. The
Fig. 10. XRD pattern of the a) feedstock powder and b) the as-built L-PBF Nd-Fe-B part produced with the optimized parameter combination showing the crystalline phases.
Fig. 11. The magnetic performance of the highest density L-PBF Nd-Fe-B magnet
produced with the optimized parameter combination measured by a Dr, Stein-
groever GmbH-Permagraph test system showing the permanent magnetic proper-
ties with remanence Br of 0.65 T (the value of the curve crossed on the Y-axis) and
coercivity Hc of 603 kA/m (the value of the curve crossed on the X-axis).
J. Wu, N.T. Aboulkhair, M. Degano et al. Materials & Design 209 (2021) 109992magnetic properties of the material processed with optimised
parameters are comparable to the highest value achieved by Bit-Table 2
The magnetic properties of anisotropic and isotropic Nd-Fe-B magnets fabricated using a
Br (T) Hci (kA/m) (BH)max(kJ/m3) Rela
dens
Anisotropic Sintered 1.33 1480 356 99.9
Isotropic sintered 0.53 1416 42 99.9
Isotropic bonded 0.36 720 22 80%
Isotropic Binder jetting 0.32 716 – 46%
Isotropic BAAM 0.51 688 43 65%
L-PBF 0.51 N/A N/A 86%
L-PBF 0.59 692 45 92%
L-PBF 0.63 921 63 N/A
L-PBF 0.65 603 62 91%
9
tner et al. [23]. The material in this study has a higher remanence
of 0.65 T. The energy product and the intrinsic coercivity of 62 kJ/
m3 and 603 kA/m are lower, which can be due to the different par-
ticle size distribution of the feedstock powder. The impact of the
particle size distribution is out of the scope of this study but it
was found to impact the powder flowability, surface finish and
accuracy of printed parts [62].
4. Conclusions
L-PBF processing of Nd-Fe-B to fabricate permanent magnets
using additive manufacturing has been investigated in this study.
The findings concluded the following:
1. High density samples with coercivity of 346 kA/m, intrinsic
coercivity of 603 kA/m, remanence of 0.65 T, and maximum
energy product of 62 kJ/m3 were successfully produced. The
integrity of the parts was affected by the process parameters
as well as the sample’s size and geometry.
2. The microstructure of the L-PBF Nd-Fe-B is different from the
sintered material because LPBF produces melt pools with cores,
boundaries, and a heat affected zone (HAZ). The microstructure
was found to be similar to the nuggets of the laser spot welded
[51–53] sintered Nd-Fe-B magnet, due to the involvement of
laser processing in both. Rapid solidification of the melt pool






Parylene, 5 mm MQFP-12-5 (Nd17.2Pr0.3Fe75.1Ce6.4B1.0)
and 50 mm MQP-S (Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B8.8)
[60]
Resin and MQP-B (Nd19.1Pr6.3Fe73.7B0.9) [59]





J. Wu, N.T. Aboulkhair, M. Degano et al. Materials & Design 209 (2021) 1099923. The samples suffered from micro-cracking. Two types of cracks
were observed in the L-PBF Nd-Fe-B material were: (i) at the
interfaces of the main phase and the precipitated phase in rela-
tively large volume due to dissimilar coefficients of thermal
expansion of the predominant phase and the precipitated
phases with the repeated heating–cooling thermal cycles and
(ii) in the HAZ near the melt pool boundaries, due to residual
stresses, including thermal stresses and phase transition
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